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Abstract
Cancer cells can activate diverse signaling pathways to evade the cytotoxic action of drugs. We 
created and screened a library of barcoded pathway-activating mutant cDNAs to identify those 
that enhanced the survival of cancer cells in the presence of 13 clinically relevant, targeted 
therapies. We found that activation of the RAS– MAPK (mitogen-activated protein kinase), 
Notch1, PI3K (phosphoinositide 3-kinase)–mTOR (mechanistic target of rapamycin), and ER 
(estrogen receptor) signaling pathways often conferred resistance to this selection of drugs. 
Activation of the Notch1 pathway promoted acquired resistance to tamoxifen (an ER-targeted 
therapy) in serially-passaged breast cancer xenografts in mice, and treating mice with a γ-secretase 
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inhibitor to inhibit Notch signaling restored tamoxifen sensitivity. Markers of Notch1 activity in 
tumor tissue correlated with resistance to tamoxifen in breast cancer patients. Similarly, activation 
of Notch1 signaling promoted acquired resistance to MAPK inhibitors in BRAFV600E melanoma 
cells in culture, and the abundance of Notch1 pathway markers were increased in tumors from a 
subset of melanoma patients. Thus, Notch1 signaling may be a therapeutic target in some drug-
resistant breast cancers and melanomas. Additionally, multiple resistance pathways were activated 
in melanoma cell lines with intrinsic resistance to MAPK inhibitors, and simultaneous inhibition 
of these pathways synergistically induced drug sensitivity. These data illustrate the potential for 
systematic identification of the signaling pathways controlling drug resistance that could inform 
clinical strategies and drug development for multiple types of cancer. This approach may also be 
used to advance clinical options in other disease contexts.
Introduction
Clinical resistance to anticancer therapies is a persistent problem that can be caused by 
genetic or epigenetic events occurring within cancer cells or by extracellular cues such as 
soluble factors or cell-cell contacts (1–6). Ultimately, these diverse events lead to the 
activation of growth and survival signaling pathways within cancer cells that enable them to 
survive otherwise lethal pharmacological insults (1–6). By blocking these drug resistance 
pathways, it may be possible to improve the efficacy and durability of anticancer drugs. 
However, for most drugs, the identities of potential resistance pathways are unknown (1).
We sought to develop a strategy to systematically identify the signaling pathways that, when 
activated, have the potential to confer resistance to therapeutic agents. If successful, such an 
effort could lead to a more complete understanding of the repertoire of signaling events that 
can render a cancer cell drug resistant, potentially resulting in improvements in our ability to 
(1) stratify patients into groups more and less likely to respond to therapy and (2) design 
multicomponent combination therapies that simultaneously act on cancer cell dependencies 
and resistance pathways.
Results
Screening to identify potential drug resistance pathways
With the objective of identifying key drug resistance pathways, we constructed a list of 17 
signaling pathways that are frequently implicated in cancer cell proliferation, survival, 
differentiation, and apoptosis (7). For each pathway, a set of 1–3 mutant cDNAs were 
identified representing core nodes in each pathway that, when overexpressed, constitutively 
activated or inactivated the pathway (Fig. 1 and table S1). Pathway-activating mutants were 
used for those pathways that typically have tumor-promoting roles, whereas pathway-
inhibiting mutants were used for those that have tumor-suppressive roles. All cDNAs in the 
collection were obtained, barcoded, and cloned into a PGK (phosphoglycerate kinase 1) 
promoter-driven lentiviral expression vector. Constructs were then fully sequenced (Data 
file S1) and produced as VSV-G pseudotyped lentiviruses (8), 86% of which (31/36) were 
functionally validated in cells by Western blotting, reporter gene assays, or 
immunofluorescence to ensure proper engagement of targeted pathways (table S1). Finally, 
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to screen library constructs for pathways with potential to confer resistance to anticancer 
drugs, we developed a modified, positive selection, pooled screening protocol with 
sequencing-based deconvolution that is analogous to those previously described (fig. S1) 
(9). The abundance of each cDNA in cells infected with the pooled library was assessed 
immediately after infection and again after 4 weeks in culture. In all cases, cDNA 
abundance was relatively stable (fig. S2).
To validate this screening approach, we first screened a BRAF-mutant melanoma cell line 
(UACC-62) to identify pathways of resistance to a MEK1/2 inhibitor (AZD6244). 
Resistance mechanisms to MAPK (mitogen-activated protein kinase) pathway inhibitors 
have been studied intensively in this setting. Our results corroborated the findings of these 
studies, showing that five major pathways are capable of conferring resistance to MEK1/2 
inhibition in cultured cells. Three of these pathways – RAS– MAPK, PI3K –mTOR, and 
NF-κB – have been previously identified and are, in fact, frequently exploited by resistant 
tumors and cell lines thus far reported (10–13). Additionally, we found that two other 
previously unidentified pathways, those mediated by Notch1 and estrogen receptor (ER), 
were also capable of conferring resistance to MEK1/2 inhibition in this primary screen (Fig. 
S3).
On the strength of this technological validation, we then performed screens covering a total 
of 13 targeted therapies, most of which are either clinically approved, in clinical trials, or in 
late-stage preclinical development. Each drug was screened at two or three concentrations in 
1 to 3 cell lines that had the appropriate drug-sensitizing genetic mutations and nanomolar 
drug sensitivity (Fig. 2A, and tables S2 and S3). Individual constructs whose expression 
conferred resistance to a given drug were identified as those yielding an Enrichment Score 
(the relative abundance of each construct in the presence of drug normalized to the same 
value in the absence of drug) of ≥1.5 and scoring in at least 2 of the 3 drug concentrations 
screened. This value was set because over 80% of constructs that scored at or above this 
level in pilot screens were successfully validated in subsequent eight-point GI50 (growth 
inhibition) assays. Twelve of 17 pathways scored as providing resistance to at least one 
drug, with the RAS–MAPK, Notch1, PI3K–mTOR, and ER pathways each scoring in over 
30% of all screens (Fig. 2A and fig. S4A). Further, we also found that the cellular sensitivity 
to 11 of 13 drugs screened could be partially decreased by the activation of 5 or fewer 
pathways (fig. S4B). Finally, we noted that the manipulation of some pathways, such as the 
inhibition of apoptosis through the expression of dominant-negative caspases, rarely 
conferred resistance to targeted therapies in these assays, despite their demonstrable roles in 
modulating sensitivity to cytotoxic chemotherapeutics (fig. S5) (14).
A common theme in the targeted therapy of oncogene-driven cancers is the emergence of 
acquired resistance mediated by pathway reactivation, which can occur through copy 
number changes, alternative splicing events, mutations in members within the pathway, or 
second-site mutations in the drug target itself (1–4, 15). Thus, current efforts aim to inhibit 
pathway nodes downstream of the driving oncogene, on the assumption that pathway 
reactivation is more difficult to achieve following downstream pathway inhibition compared 
with upstream inhibition. This notion led to the use of MEK and ERK inhibitors to 
complement RAF inhibitors in the treatment of BRAF-mutant melanomas (10, 11, 16). By 
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combining resistance screening results with immunoblotting in melanoma cells that were 
treated with drugs targeting multiple nodes in the RAF–MEK–ERK pathway, we found that 
whereas cDNAs that reactivate the MAPK pathway at the level of ERK phosphorylation can 
drive potent resistance when the pathway is inhibited upstream of ERK, alternative 
resistance pathways that do not reactivate ERK phosphorylation dominate the resistance 
landscape when the pathway is inhibited “downstream” at the level of ERK (Fig. 2B and fig. 
S6). To our knowledge, these are the first evolutionary experiments demonstrating a shift in 
the resistance landscape based on the location of a pathway node targeted by a drug. These 
findings demonstrate that although downstream pathway inhibition may be an effective 
tactic for suppressing resistance that is driven by pathway reactivation, it is also likely to 
encourage the evolution of resistance driven by alternative pathways, a phenomenon that 
may have undesired consequences.
Notch1-driven resistance to targeted therapies in breast cancer cells
To identify findings from our screens with potential translational relevance, we first 
examined our data in breast cancer cells. We screened tamoxifen and fulvestrant (ER 
inhibitors) in MCF-7 estrogen-responsive (ER+) cells, lapatinib (HER2 inhibitor) in HER2 
amplified SkBr3 cells, and the PI3K-mTOR pathway inhibitors BKM-120 (PI3K inhibitor), 
MK-2206 (AKT inhibitor), Torin1 (mTORC1/2 inhibitor), and Rapamycin (mTORC1 
inhibitor) in breast cancer cell lines with activating mutations in PIK3CA (BT-20, MDA-
MB-453, and T47D) (Fig. 2A). The RAS–-MAPK and PI3K–mTOR pathways frequently 
scored as hits against these drugs, as expected (6, 17, 18). Additionally, the Notch1 pathway 
scored against these drugs, an observation that we validated through GI50 assays in cells 
that either expressed the Notch1 intracellular domain (N1 ICD, Fig. 3A) or were treated with 
the DSL peptide (residues 188–204 of the Notch ligand Jagged-1), a soluble Notch agonist 
(fig. S7) (19). Notch1-mediated resistance did not involve proximal reactivation of targeted 
signaling pathways, but was associated with the induction of canonical Hes and Hey family 
Notch1 target genes, the induction of a dedifferentiation process that resembled the 
epithelial-to-mesenchymal transition (EMT), and the acquisition of enhanced migration, 
sphere formation, and apoptosis resistance properties as well as cross-resistance to cytotoxic 
agents, like doxorubicin (Fig. 3, A and B; figs. S8 and S9) (7, 20). These findings are 
consistent with the established role of the Notch1 pathway in stimulating EMT in epithelial 
cells and its prior association with resistance to cytotoxic chemotherapies and targeted 
inhibitors of EGFR (epidermal growth factor receptor) and PI3K in epithelial cancer cells 
(21–24).
Resistance to endocrine therapy (such as tamoxifen) is a major clinical problem that 
eventually occurs in most patients with ER+ metastatic breast cancer (17). Given our finding 
that Notch1 can drive resistance to tamoxifen in cultured cells, and the fact that Notch1 and 
ER reciprocally regulate each other in ER+ cells (25), we reasoned that this pathway may 
play a role in acquired resistance. To test this hypothesis, we used a mouse model of 
tamoxifen resistance (TamR) in which MCF-7 xenografts acquired resistance through 
selective pressure induced by serial passaging in the presence of tamoxifen in vivo (26). In 
this model, as in patients with tamoxifen-resistant disease, tamoxifen exerts pronounced 
growth agonist activity to the tumors in mice. This model also retains sensitivity to 
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fulvestrant. The expression of NOTCH1, Notch1 target genes, and genes encoding 
mesenchymal markers were significantly increased in TamR tumors relative to tamoxifen-
sensitive parental tumors (Fig. 3C and fig. S10), consistent with potential Notch1 pathway 
activation. Further, co-treatment of TamR tumors with tamoxifen and RO4929097, a γ-
secretase inhibitor that blocks Notch1 signaling (27), blocked tamoxifen-stimulated growth 
in these tumors (Fig. 3D). Corroborating these data, we also found that in a meta-analysis of 
458 women with ER+ breast cancer enrolled across multiple studies, Notch1 activation 
(evident as induction of a Notch1-associated gene expression signature) correlated with the 
acquisition of a dedifferentiated phenotype and loss of the beneficial effects of tamoxifen on 
distant recurrence free survival. This effect was specific to tamoxifen, as outcomes in 
women not treated with tamoxifen were not correlated with Notch1 activation (Fig. 3, E and 
F; fig. S11) (28–30). Together, these data suggest that Notch1 activation may drive 
resistance to tamoxifen in vivo and that patients with tamoxifen-resistant disease may 
benefit from combination therapy using γ-secretase inhibitors.
Notch1-driven resistance to targeted therapies in melanoma cells
In melanoma, we screened three inhibitors of the Ras-MAPK pathway: PLX-4720 (a RAF 
inhibitor), AZD6244 (a MEK1/2 inhibitor), VX-11E (an ERK-2 inhibitor), each in MAPK 
inhibitor-sensitive melanoma cell lines harboring activating mutations in BRAF (A375, 
Colo679, and UACC-62) (Fig. 2A). Consistent with our pilot screen involving AZD6244, 
these screens revealed that resistance can be driven by MAPK reactivation or compensatory 
activation of the PI3K–mTOR, NF-κB, Notch1, and ER pathways. Notch1 and ER signaling 
have not been previously implicated in MAPK inhibitor resistance in melanoma. GI50 
assays revealed that Notch1 activation conferred robust GI50 shifts of 0.5–2 orders of 
magnitude in multiple cell lines treated with MAPK inhibitors (Fig. 4A), whereas ER 
activation conferred more modest GI50 shifts of 2.5–3-fold for the same drugs (fig. S12). 
Because of the strength of Notch1-mediated resistance, we chose to focus our follow-up 
efforts in melanoma primarily on this pathway. Analogous to our findings in breast cancer 
cells, expression of the N1-ICD increased the expression of Notch1 target genes and 
stimulated the dedifferentiation of melanoma cells, resulting in the loss of melanoma-
specific antigens tyrosinase (TYR) and DCT (TRP-2) (31) and increased expression of 
markers associated with melanocyte dedifferentiation, such as NGFR and N-cadherin (32) 
(Fig. 4B and fig. S13). Furthermore, Notch1-activated cells exhibited increased migration, 
melanosphere formation, and viability and did not reactivate ERK activation 
(phosphorylation) in the presence of drug treatment, suggesting that the Notch1 pathway 
operates independently – or possibly downstream – of ERK and supports the maintenance of 
a dedifferentiated state (figs. S14 and S15).
To explore the potential role of Notch1 in the setting of acquired resistance, which occurs in 
most patients who initially respond to RAF and/or MEK inhibitor therapy, we first induced 
resistance to RAF, MEK, and ERK inhibitors in a panel of six cell lines by step-wise 
selection (33). In 7/18 (39%) of these derivatives, Notch1 knockdown by two independent 
shRNAs fully resensitized drug-resistant cells to MAPK inhibitors (Fig. 4C, fig. S16, and 
table S4). Eighty-four clonal derivatives of these lines were also established, 24 of which 
were resensitized to MAPK inhibitors by Notch1 knockdown (29%) (fig. S17). In cell lines 
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whose resistance appeared to be Notch1-dependent, resistance to MAPK inhibitors was 
associated with the increased expression of Notch1, Notch1 target genes, and markers of 
dedifferentiation, as well as the absence of ERK pathway reactivation (evident by the loss of 
ERK phosphorylation in the presence of MAPK pathway inhibitors) (Fig. 4D and fig. S17). 
To identify potential clinical correlates of these findings, we examined two independent 
cohorts of matched pretreatment/post-relapse tumor samples from BRAF-mutant melanoma 
patients. In each cohort, we searched for evidence of Notch1 activation in relapsed tumors 
that is consistent with the activation observed in engineered and evolved Notch1-activated 
cells: increased Notch1 and Notch1 target gene expression (>two-fold) with concomitant 
decreased expression of differentiation markers or increased expression of dedifferentiation 
markers. In cohort 1, we queried gene expression and targeted sequencing data from a 
published set of 29 matched pretreatment/post-relapse tumors from patients treated initially 
with the RAF inhibitors vemurafenib or dabrafenib (34). Fifteen of 29 relapsed tumors 
(52%) showed evidence of canonical acquired mutations in MAPK pathway genes (NRAS, 
BRAF, MEK1, and MEK2), and 1/29 had an activating mutation in AKT1 (34). Twelve of 29 
relapsed tumors (41%) lacked evidence of canonical MAPK or PI3K pathway alterations. 
Among this latter group, four (14% of total) exhibited expression patterns consistent with 
Notch1 activation (Fig. 4E and fig. S18). Additionally, one relapsed tumor exhibited 
evidence of coincident Notch1 activation and IGF-1R overexpression (Fig. S18). To verify 
these findings, we obtained a second, independent cohort of matched pretreatment/post-
relapse samples from seven patients with acquired resistance to RAF or RAF+MEK 
inhibitor combinations. Consistent with cohort 1, three of seven (43%) relapsed tumors 
harbored acquired MAPK pathway alterations (BRAF, MEK2), 1/7 (14%) harbored a PTEN 
mutation, and 3/7 (43%) lacked canonical resistance alterations. Two of the tumors in the 
latter group (29% of total) exhibited Notch1 activation on relapse as judged by the criteria 
above, whereas none of the four tumors with MAPK/PI3K pathway alterations showed 
evidence of Notch1 activation (Fig. 4, F and G; fig. S19, and table S5). Together, these data 
demonstrate that Notch1 activation can drive acquired resistance to MAPK inhibitors in 
engineered and evolved cellular models and suggest that Notch1 signaling is likely to play a 
role in the minority of patients whose relapsed tumors lack conical MAPK or PI3K 
pathway-mediated resistance mechanisms. These findings are also consistent with emerging 
data suggesting that the Notch1 pathway promotes melanoma tumor growth and may act as 
an essential mediator of tumorigenesis downstream of BRAF (35, 36).
Finally, we sought to assess the potential relevance of our findings in the setting of intrinsic 
resistance to MAPK inhibitors, which occurs in 10 to 20% of BRAF-mutant melanoma 
patients (37). To assess whether Notch1 activation may be responsible for this phenomenon, 
we obtained eight BRAF-mutant melanoma cell lines and short-term cultures exhibiting 
intrinsic resistance to MAPK inhibitors (GI50 > 4 μM) through uncharacterized mechanisms 
(37, 38). Although these cultures exhibited higher expression of certain Notch1 target genes, 
lower expression of melanocyte differentiation markers, and higher expression of 
dedifferentiation markers than a reference cohort of MAPK inhibitor-sensitive cell lines 
(Colo679, UACC-62, and Malme3M) (Fig. 5A), knocking down Notch1 by two independent 
shRNAs only modestly sensitized six of eight of these cell lines to MAPK inhibitors (Fig. 
5B). Thus, we concluded that although Notch1 appears to play a functional role in the 
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maintenance of intrinsic resistance in these cells, other factors are likely to contribute to this 
state as well. Given that our screening results suggested that the PI3K–mTOR, NF-κB, and 
ER pathways are also capable of driving resistance to MAPK pathway inhibitors, we 
hypothesized that full sensitization of intrinsically resistant cells may require simultaneous 
inhibition of more than one of these pathways. To test this hypothesis, we co-treated these 
cultures with the combination of an ER inhibitor (fulvestrant), a dual PI3K–mTOR inhibitor 
(BEZ-235), and shRNA against Notch1 (IKKα/β inhibitors for the NF-κB pathway had no 
effect on MAPK inhibitor sensitivity and were thus excluded). Remarkably, this 
combination converted all eight drug resistant cultures to a drug sensitive state, with 
submicromolar VX-11E GI50 values comparable to those typically found in drug-sensitive 
cell lines (Fig. 5C). Although this drug cocktail exerted background effects on cell growth 
rate (~50%), its effects on VX-11E sensitivity were nevertheless specific and not owing to a 
general “sick + sick” phenomenon, as (1) background toxicity was removed prior to GI50 
analysis (refer to Methods), (2) numerous control drugs and drug combinations with similar 
overall toxicity had no effect on VX-11E sensitivity (fig. S20), and (3) the cocktail had only 
modest effects on VX-11E sensitivity in MAPK inhibitor-sensitive cell lines (Fig. 5C). 
Finally, by applying all possible combinations of resistance pathway inhibitors to each 
resistant culture, we were able to deconvolute the particular set of pathways maintaining the 
resistant state in that culture. Four of eight cultures showed evidence of resistance mediated 
by the combination of all three resistance pathways (ER, Notch1, and PI3K–mTOR); three 
of eight cultures relied only on the Notch1 and PI3K–mTOR pathways; and one culture 
(RPMI-7951) relied exclusively on the PI3K–mTOR pathway for the maintenance of its 
resistant state (Fig. 5D).
Discussion
By enabling the direct screening of signaling pathways instead of individual genes (8, 39), 
the methods described here may significantly accelerate the systematic mapping of pathways 
to the oncogenic phenotypes, such as drug resistance, which they control. In the future, these 
methods may be further improved by utilizing expression vectors that normalize transgene 
expression to physiological levels and mutants that reflect naturally-occurring mechanisms 
of pathway activation in human cancers, steps that may minimize the potential for non-
physiological signaling effects. The lack of these features in the current screening library 
may explain, for example, why HRASG12V scored more frequently in screens than 
KRASG12V or why myr-AKT1 scored more frequently than myr-PIK3CA. Further, although 
the pathway-activating library described here encompasses many of the pathways most 
frequently implicated in cancer physiology, it will be improved by the addition of constructs 
representing additional signaling nodes and biological pathways, a process that is currently 
underway.
In the area of drug resistance, our findings begin to reconcile two disparate notions of how 
this phenomenon may emerge: one based on reactivation of drug-inhibited signaling 
pathways and the other based on the reversion of cancer cells to a dedifferentiated state (1, 
40). Our findings suggest that both may occur simultaneously, and that the latter, mediated 
by the Notch1 pathway, may be a particularly effective strategy for generating broad-
spectrum resistance to drugs with varying mechanisms of action. Whereas the induction of 
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an EMT-like process has been described extensively as a mode of therapeutic resistance in 
epithelial cancers, these results provide evidence of an analogous, Notch1-driven process in 
melanoma that may also contribute to therapeutic resistance. The precise molecular 
mechanisms by which Notch1 is activated in tumors resistant to tamoxifen and MAPK 
inhibitors, the identification of biomarkers of Notch1-driven resistance, and clarification of 
the cellular mechanisms by which this pathway drives therapeutic resistance will each be 
important areas for future study. Finally, this work describes a straightforward approach for 
designing combinations of drugs that block or reverse resistance by simultaneously 
inhibiting multiple resistance pathways. Although such combinations may frequently require 
the use of three or more drugs in parallel, an abundance of clinical evidence suggests that 
multidrug therapies can sometimes be safely tolerated by patients (41–44).
Materials and Methods
Cell lines and drugs
A375, Colo679, UACC62, Malme3M, WM793, WM1716, WM1745, WM1930, and SkBr3 
were grown in RPMI with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
BT20, T47D, SkMel28, Lox IMVI, Hs294T, A2058, MCF7, MDA-MB-453, Kato III, NCI-
H1703, 293T, and RPMI-7951 were grown in DMEM with 10% FBS and 1% penicillin/
streptomycin. Ly.1 and DHL4 cells were grown in Iscove’s modified DMEM supplemented 
with 10% FBS, HEPES, Glutamine, β-mercaptoethanol, and 1% penicillin/streptomycin. 
Malme3M, WM793, WM1716, WM1745, WM1930, SkMel28, Lox IMVI, Hs294T, A2058, 
and RPMI-7951 cells were obtained from Levi Garraway (Harvard University, Dana-Farber 
Cancer Institute). All other cell lines were purchased from American Type Culture 
Collection (ATCC). Drugs were purchased from Selleck Chemicals, ChemieTek, and 
Sigma-Aldrich. Torin1 was obtained from N. S. Gray (Harvard University, Dana-Farber 
Cancer Institute). DSL peptide was obtained from Anaspec.
Library construction and validation
cDNA templates obtained from sources listed in table S1 were barcoded and transferred into 
the Gateway system via PCR and recombinational cloning (8). Donor vector pDONR223 
and destination/expression vector pcw107 were kindly donated by John Doench (Broad 
Institute) (fig. S21). A C-terminal V5 epitope tag was added to pcw107 to tag constructs 
lacking functionally validated N-terminal tags. Barcoded attB1 primers were generated 
containing a 4 nucleotide (nt) barcode assigned to individual constructs followed by a 14 nt 
common linker sequence containing a Kozak sequence and ~21 nt of the ORF (open reading 
frame) of interest. AttB2 primers were generated to contain the final 21 or 24 nt of the ORF 
depending on whether a C-terminal V5 tag was desired. In general, constructs already 
containing an N-terminal epitope tag were cloned without a C-terminal V5 tag. Constructs 
not containing an N-terminal epitope tag were cloned both with and without the C-terminal 
V5 tag, and both constructs were functionally validated. For details, refer to tables S1, S6, 
and S7. The PCR fragments were gel purified and used in the BP recombination reaction 
using BP clonase (Invitrogen) with pDONR223 to generate entry clones. Individual clones 
were sequence verified using primers M13-F and M13-R to ensure proper integration of the 
N-terminal barcode linker sequence and the presence/absence of the C-terminal stop codon 
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(table S7). Two of the constructs, SMO and LATS2, were further manipulated using 
Agilent’s QuickChange II XL Site-Directed Mutagenesis kit and appropriate primers to 
generate the desired activating mutations (tables S1 and S7). Entry clones were then used in 
the LR recombination reaction using LR clonase (Invitrogen) with pcw107-V5 to obtain 
lentiviral expression clones. All expression clones were fully sequenced using primers PGK-
F and WPRE-R and gene-specific internal sequencing primers as needed to verify the 
presence of the N-terminal barcode, the linker sequence, the desired activating mutations, 
and the presence or absence of the V5 tag (table S7).
Functional validation of library clones was performed as follows. First, expression clones 
were used to produce lentivirus particles by transfecting 293T cells using a three-plasmid 
system (expression clone + VSV-G + ∂VPR) as previously described (8). Each virus was 
titered via infection with limiting dilution in UACC-62 cells (8). ORF transgene expression 
was measured by western blot by probing for the epitope tag present in each construct in 
293T cell lysates stably infected with each lentivirus. Pathway activation was assessed using 
the assays summarized in table S1 in 293T cells following infection and puromycin 
selection. All infections were performed by adding a 1:10–1:20 dilution of lentivirus to 
293T cells in 6-well plates in the presence of 7.5 μg/ml polybrene. After virus addition, 
plates were centrifuged at 1200g for 1 hour at 37° C. Twenty-four hours after infection, 
puromycin (2 μg/ml) was added for selection and cells were incubated for 48 hours.
Primary screens
All pathway-activating constructs and controls (table S1) were produced in lentiviral form, 
individually titered, and pooled together in approximately equal representation. The mixed 
pool was aliquoted and stored at −80° C. Screens were performed by seeding each cell line 
at 500,000 cells/well in a single well of a 6-well plate. Twenty-four hours later, the cells 
were infected with the mixed virus pool at an MOI of 0.3 to ensure that most infected cells 
contained only a single viral integration. The lentiviral pool was added directly to cells in 
the presence of polybrene (7.5 μg/mL), then plates were centrifuged at 1200g for 1 hour at 
37° C. Twenty-four hours after infection, media was replaced with puromycin (2 μg/ml) for 
selection. After 48h of selection, cells were split and divided into (typically) seven equal 
portions, one of which was frozen at −80° C (t=0 infected cell pool), and the other six were 
added to the wells of a 6-well plate. Twenty-four hours later, two to three of the wells 
received drugs at indicated doses (typically in the range of the drug’s GI20-GI80) and the 
remaining three wells received vehicle (DMSO) only. Drugs and vehicle were refreshed 
every 3 days for 2 to 3 weeks, splitting (1:10) as necessary. After this culture period, all 
drug- and vehicle-treated samples were trypsinized and washed, and genomic DNA was 
isolated using the Qiagen DNeasy Blood and Tissue Kit.
Genomic DNA samples were prepared for Illumina Sequencing by PCR amplification of 
individual construct barcodes using a common P5 Illumina adapter primer (PGK-Illumina-
F) and a unique P7 Illumina barcoded adapter primer (P7-Illumina–RIP-Index-X where X is 
a unique numerical identifier for each indexed primer) (table S7). Each drug- or vehicle-
treated screen sample was associated with a unique P7-Illumina–RIP-Index-X primer to 
facilitate pooling of samples and sequencing in a single Illumina lane. The P5 primer targets 
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the PGK promoter upstream of the construct barcode and the P7-reverse index primers target 
the ATG of the ORF downstream of the construct barcode. P7-reverse index primers contain 
a 6 nt Index barcode and the reverse complement of the ATG plus 14 nt linker sequence just 
downstream of, but not including, the 4 nt construct barcode. When paired, these Illumina 
adapter primers generate a ~250 nt DNA fragment, a fraction of which was visualized on a 
2% agarose gel. Band intensities, which are proportional to the amount of barcode DNA 
amplified from each sample, were quantified and a normalized sample pool containing all 
samples to be sequenced was submitted for Illumina sequencing. A custom designed 
Illumina Sequencing Primer (ISP) that targets the region of gDNA just upstream of the 4nt 
barcode was used, yielding 27 nt Illumina HiSeq reads with the following structure: 4 nt 
construct barcode + 17 nt linker sequence/ATG + 6 nt index barcode (table S7). Each 
sample was prepared with two different Illumina-P7-RIP-Index barcodes, generating 
technical replicates. Both technical replicates (i.e. a single sample whose barcodes were 
PCR amplified using two unique sets of primers) and biological replicates (i.e. two replicate 
vehicle-treated screen samples) yielded comparable data (R2 > 0.9), and replicates were 
averaged in the data sets reported here.
Analysis of Illumina sequencing data proceeded as follows. First, the number reads 
associated with each unique sequence (4 nt construct barcode + 6 nt index barcode) were 
counted, and the fractional representation of each construct barcode in each screen was 
determined by normalizing the number of reads associated with that construct barcode to the 
total number of reads in that sample (that is, all samples containing the same index barcode). 
Next, fractional representation of each construct in technical replicates was averaged, and 
the fractional representation of each construct in three biological replicate, vehicle-treated 
samples was averaged. Finally, the fractional representation of each construct in drug-treated 
samples was normalized to the same quantity in vehicle-treated samples of the same cell 
line. Hits were identified as constructs selectively enriched in drug-treated samples relative 
to vehicle-treated samples. In order for a signaling pathway to be considered a resistance 
pathway for a given drug, we required that at least one activating construct for that pathway 
must confer >50% enrichment above controls and that it must score in two or more drug 
concentrations in primary screens.
Secondary GI50 assays
ORF- or shRNA-expressing lentiviruses were produced as previously described (13) and 
used to infect cells at a 1:10–1:20 dilution in 6-well plates in the presence of polybrene (7.5 
μg/ml). After virus addition, plates were centrifuged at 1200g for 1 hour at 37° C. Twenty-
four hours after infection, puromycin (2 μg/ml) was added for selection and cells were 
incubated for 48 hours. Cells were then trypsinized, counted, and seeded into 96-well plates 
at 5,000 cells/well. Twenty-four later, DMSO or concentrated serial dilutions of indicated 
drugs (in DMSO) were added to cells (1:1,000) to yield final drug concentrations of 100, 10, 
1, 0.1, 0.01, 0.001, 0.0001, or 0.00001 μM. The Cell Titer Glo® luminescent viability assay 
(Promega) was used to measure cell viability 4 days after drug addition. Viability was 
calculated as the percentage of control (untreated cells) after background subtraction with a 
minimum of three replicates for each cell line/ORF (or shRNA)/drug/concentration. GI50 
values were determined as the drug dose corresponding to half-maximal growth inhibition 
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(13). GI50 values for unmodified parental cells were determined using the protocol above by 
seeding cells directly into 96-well plates without the initial infection step. Similarly, GI50 
values for parental cells treated with DSL peptide were determined using the protocol above 
by seeding cells directly into 96-well plates in media containing DSL peptide at the 
indicated concentrations.
qRT-PCR
RNA was extracted using QIAshredder Homogenizers and RNEasy Mini Kits according to 
the manufacturer’s specifications (Qiagen, Germany). RNA purity as measured by A260/
A280 was confirmed upon quantification. cDNAs were synthesized using iScript™ cDNA 
Synthesis Kits with at least 1μg of RNA template as directed by the protocol provided by the 
manufacturer (Bio-Rad).
Quantitative real-time polymerase chain reactions (qRT-PCR) were carried out using iQ™ 
SYBR® Green Supermix and a CFX384 Touch™ Real-Time PCR Detection System 
according to the manufacturer’s specifications (Bio-Rad, USA). PCR primers purchased 
from Integrated DNA Technologies and processed to 10μM working stocks for use in qPCR 
reactions (table S7). Average cycle threshold (Ct) values were calculated for each gene and 
the maximum Ct value was set at 40 cycles. Ct values were normalized to the reference 
genes GAPDH and β-actin and relative gene expression was determined using the ΔΔCt 
method.
Xenograft tumor analyses
All procedures were approved by the Duke University Institute for Animal Care and Use 
Committee. Tamoxifen stimulated TamR tumors were initiated orthotopically by serial 
transfer into female NU/NU mice (~6 weeks age, Duke breeding colony). Briefly, 
ovariectomized recipient mice received no treatment or tamoxifen (tam) treatment via a 
timed release pellet (5 mg tamoxifen/60 days – Innovative Research of America) implanted 
subcutaneously. Two days later, TamR tumors (~0.8cm3 volume) were sterilely excised 
from euthanized tam treated donor mice, diced to ~2mm3 sections and implanted into the 
axial mammary gland of recipient mice under anesthesia (10g trochar). Tumor growth was 
measured three times weekly by caliper (tumor volume = (A2 × B)/2, where A is the longer 
axis). When tumor volume reached ~0.15cm3 (~20 days), mice (n = 9–13) were randomized 
to vehicle or RO 4929097 treatment (10 mg/kg oral gavage in 0.1cc 1% hydroxypropyl 
cellulose/0.2% tween 80/2.5% DMSO). Tumor growth was monitored over 4 weeks of daily 
treatment.
Gene expression analysis
Survival analysis of Notch1 and Notch1 gene sets in breast cancer presented in Fig. 3e and 
3f: A breast cancer metaset was compiled from 26 publicly available expression data sets 
comprising 4886 patients. Breast cancer data from GPL570 and GPL96 platforms were 
downloaded from GEO, normalized with fRMA and batch corrected using the COMBAT 
algorithm within R. Associated clinical features and patient response data were combined 
and tumor subtypes were called using the PAM50 algorithm. Gene expression was split into 
tertiles and only the low (1st tertile) and high (3rd tertile) categories are plotted. Survival 
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curves were generated using the survival package in R and all P-values were calculated 
using the log-rank method. Gene sets representing the Notch1 pathway and Notch1 target 
genes were downloaded from GSEA and the R package genefu was used to assign signature 
scores of each gene set to patients by mapping Affymetrix probes to entrez ids. Signature 
scores were then categorized into low and high groups for each treatment condition and 
plotted similarly as above. For Gene Set Enrichment Analysis, a ranked list of pairwise gene 
correlation of Notch1 and all other probesets on the HGU133A platform from Luminal B 
tumor samples were submitted to the GSEAPreranked tool for pathway enrichment. 
Metaplot (fig. S11A) was generated using Luminal B patients from the assembled breast 
cancer metaset in R with the rmeta and survcomp packages. Correlation matrix (fig. S11B) 
was clustered using Ward’s method and visualized using the corrplot package in R.
Patient samples
Details on patient sample acquisition, quality control, total RNA extraction, cDNA 
preparation, and mRNA sequencing are described elsewhere (31). Immunohistochemistry on 
patient tumor samples was performed as follows: sections (5 μm) were deparaffinized in 
xylene, followed by serial hydration in 100%, 95%, 70%, and 50% ethanol, then dH2O. 
Sections were then placed in sodium citrate buffer (10 mM, pH 6.0) and boiled in a pressure 
chamber at 95°C for 30 min, 90°C for 10 s, and then cooled to room temperature. 
Immunohistochemistry (IHC) was performed using an antibody to activated Notch1 
(Abcam; ab8925; 1:100) at 4°C overnight, and the tissue sections were incubated with 
secondary antibody (Abcam ab64256) at room temperature for 30 min, then washed with 
TBST for 5 min three times. Immunoreactivity was detected using the Dako liquid DAB+ 
substrate chromogen system.
Small molecule sensitization assays
Sensitization assays using small molecule signaling pathway inhibitors were performed to 
assess the effect of resistance pathway inhibition on the sensitivities of drug resistant 
melanoma cell lines to VX-11E. VX-11E GI50 values for parental cell lines were 
determined as above with DMSO added to media at a 1:1000 dilution as a vehicle-only 
control. GI50 values for parental cell lines in the presence of inhibitors were obtained using 
a modified version of the GI50 protocol above, where pathway inhibitors were added to all 
wells containing VX-11E as well as one set of triplicate wells containing media only 
(pathway inhibitors were in DMSO at a 1:1000 dilution in media). As a reference, a second 
set of media-only wells contained no pathway inhibitors (media and DMSO only). By 
comparing the viability of cells in media-only wells to the viability of cells in wells 
containing media plus pathway inhibitors (no VX-11E), the toxicity of the inhibitors alone 
was ascertained. GI50 values were then determined as the VX-11E dose corresponding to 
half-maximal growth inhibition relative to the viability in inhibitor-only wells.
Immunoblotting
Immunoblotting was performed as previously described (13) and blots were probed with 
primary antibodies (1:1000 dilution) recognizing N-cadherin (BD Transduction), Vimentin 
(Cell Signaling), Slug (Cell Signaling), phosphorylated AKT (Thr308, Cell Signaling), AKT 
(Cell Signaling), Tyrosinase (Santa Cruz Biotechnology), TRP-2 (Santa Cruz 
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Biotechnology), β-actin (Cell Signaling), Notch1 (Cell Signaling), phosphorylated ERK1/2 
(Thr202/Tyr204, Cell Signaling), phosphorylated MEK1/2 (Ser217/Ser221, Cell Signaling), 
ERK1/2 (Cell Signaling), and Na/K ATPase (Cell Signaling).
Notch shRNAs
TRC shRNA clones for Notch1 were obtained from Sigma-Aldrich as glycerol stocks. They 
were prepared in lentiviral form and used to infect target cells via the procedures described 
above for ORF clones. shNotch1 #1 is TRCN0000350330 with target sequence 
CCGGGACATCACGGATCATAT and shNotch1 #2 is TRCN0000003360 with target 
sequence CGCTGCCTGGACAAGATCAAT.
In vitro adaptation of MAPK inhibitor-resistant cells
Cell lines resistant to PLX4720, AZD6244 or VX-11E were generated by two methods as 
previously described (45). Briefly, cells were either cultured in gradually increasing 
concentrations of the inhibitor starting with a concentration of 1 nM [slow method, denoted 
with (S)] or 3×106 cells were treated with 3 μM inhibitor and resistant clones were cultured 
[fast method, denoted with (F)]. Cell lines were deemed resistant when they could be 
consistently cultured in medium containing 3 μM inhibitor. Parental control cell lines were 
cultured concurrently with the resistant cell lines in growth media containing DMSO.
Clonogenic growth assay
To measure the effect of inhibitors and shRNA-mediated knockdown on cell growth, cells 
were seeded at 10,000 cells per well in six-well tissue culture plates in complete media. 
After 24 hours, cells were infected with 1×105 infectious units (IFUs) per well of viral 
media containing shRNA vectors targeted to either GFP or Notch1 and polybrene (8 μg/
mL). Twelve hours post-infection, cells were treated with growth media containing 
inhibitors as indicated and puromycin (2 μg/mL). Fresh media and inhibitors were added 
every seven days and the assays were cultured for 10–20 days. Plates were then rinsed with 
PBS and fixed and stained with 0.5% (wt/vol) crystal violet in 6.0% (vol/vol) gluteraldehyde 
solution (ThermoFisher Scientifics) for 30 min at room temperature. Plates were rinsed in 
distilled H2O and scanned. The ImageJ software program and the ColonyArea plugin (46) 
were used to quantify colony area as a percentage of the well covered.
Sphere formation assay
The ability of pathway activated cells to form spheres on low-attachment plates was 
analyzed using previously described assays (47, 48). A single cell suspension was created by 
passing cell suspensions through a 70 μm strainer (Greiner Bio-one). Two thousand single 
melanoma cells were plated in triplicate in 2 mL of RPMI supplemented with N2 
(Invitrogen) in ultra low attachment 6-well plates (Corning). Breast cancer cell lines were 
plated similarly in DMEM supplemented with B27 (Invitrogen), hydrocortisone, insulin, 
rEGF and gentamicin (Lonza). After 5 days, spheres were counted. The number of spheres 
was divided by the number of cells plated to derive the sphere formation efficiency 
percentage.
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Wound healing assay
To quantify the ability of pathway activators to affect the ability of cells to migrate, 5×105 
cells were seeded into 6-well plates in triplicate. After 24 hours, the media was changed to 
growth media containing 1% FBS. The cells were cultured for an additional 24 hours and 
then evenly wounded. The wound was rinsed twice with PBS and then fresh media 
containing 1% FBS was added. The wound was photographed at 0 hours and every 12 hours 
subsequently.
Annexin-V apoptosis assay
To quantify the induction of apoptosis in inhibitor-treated cells, cells were plated in 
triplicate at 300,000 cells per well in 6-well plates. Twenty-four hours later, cells were 
treated with the indicated dose of drug or diluent (DMSO). After a 72-hour incubation, cells 
were washed twice with PBS and resuspended in Annexin V binding buffer composed of 10 
mM HEPES, 140 mM NaCl and 2.5 mM CaCl2 (BD Biosciences). Surface exposure of 
phosphatidylserine was measured using APC-conjugated Annexin V (BD Biosciences). 7-
AAD (BD Biosciences) was used to quantify viability. All treatments were evaluated at 
20,000 counts/sample using BD FACSVantage SE. Gatings were defined using appropriate 
untreated/unstained cells.
Statistics
Results are expressed as the means ± SD. For comparisons between two groups, P-values 
were calculated with unpaired, two-tailed Student’s t tests.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Strategy for manipulating oncogenic signaling pathways
Pathway names are indicated in bold and situated in the cellular context in which they 
function. The engineered cDNA constructs in each pathway are denoted as either wild-type 
(WT; black), constitutively active mutants (red), or dominant-negative mutants (blue).
Martz et al. Page 17
Sci Signal. Author manuscript; available in PMC 2015 June 23.
Author M
anuscript
Author M
anuscript
Author M
anuscript
Author M
anuscript
Fig. 2. Global analysis of screening results
(A) Results of each screen color coded according to enrichment score (the relative 
abundance of each construct in the presence of drug normalized to the same value in the 
absence of drug). (B) Pathway activating constructs scoring in screens involving UACC-62 
BRAFV600E melanoma cells treated with PLX4720 (RAF inhibitor, red/top), AZD6244 
(MEK inhibitor, green/middle), or VX-11E (ERK inhibitor, blue/bottom).
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Fig. 3. Notch1 pathway activation confers resistance to targeted therapies in breast cancer, 
including tamoxifen
(A) GI50 values for indicated breast cancer cell lines expressing Notch1 ICD or luciferase 
and treated with the indicated drugs. Data are means ± SD from three experiments. (B) qRT-
PCR analysis of Notch1 target genes and mesenchymal markers in breast cancer cell lines 
expressing Notch1 ICD (red) or luciferase (gray). Data are means ± SD from three 
experiments. (C) Expression of indicated genes in parental MCF-7 and TamR cells. Data are 
means ± SD from three experiments. (D) Growth of TamR xenografts treated with 
tamoxifen, RO4929097 (γ-secretase inhibitor), or the combination. Data are means ± SEM 
from 9–13 mice per group. Exponential growth curve and two-way ANOVA analyses were 
performed using GraphPad Prism 6. (E) Kaplan-Meier plot depicting survival in breast 
cancer patients treated with tamoxifen as a function of Notch1 pathway gene expression 
signature level (first and third tertiles). P-value denotes significance between drug treated 
patients in high and low Notch1 groups. (F) Expression heatmap of indicated genes in 
Notch1 low and high groups from patients in part (E). * p < 0.1; ** p < 0.05; *** p < 0.01
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Fig. 4. Notch1 pathway activation in BRAF-mutant, MAPK pathway inhibitor-resistant 
melanoma
(A) GI50 values for indicated melanoma cell lines expressing Notch1 ICD or luciferase and 
treated with the indicated drugs. Data are means ± SD from three experiments. (B) qRT-
PCR analysis of Notch1 target genes and differentiation markers in UACC-62 cells 
expressing Notch1 ICD (red) or luciferase (gray). Data are means ± SD from three 
experiments. (C) Notch1-dependent resistance in cell lines with evolved resistance to 
MAPK inhibitors (left) as identified by resensitization in the presence of Notch1 knockdown 
(examples, right). Data are means ± SD from three experiments. (D) qRT-PCR analysis of 
Notch1, Notch1 target genes, and NGFR in Colo679 cells with evolved Notch1-dependent 
resistance to PLX4720. Data are means ± SD from three experiments. (E) Putative 
mechanisms of resistance in a cohort of 29 relapsed tumors from BRAFV600 melanoma 
patients. “Other” indicates AKT1 mutation (one patient) or IGF-1 overexpression (one 
patient). Inset shows fold changes in expression levels of indicated genes on relapse in the 
Notch1 activation group. (F) Putative mechanisms of resistance in a second cohort of seven 
relapsed tumors from BRAFV600 melanoma patients. Inset shows fold changes in expression 
levels of indicated genes on relapse in the Notch1 activation group. Data are means ± SD 
from three experiments. (G) Analysis of Notch1 nuclear localization by 
immunohistochemistry in matched pretreatment and relapse samples from Patient 24. 
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Examples of nuclear Notch1 are indicated by arrowheads. *p < 0.1; ** p < 0.05; *** p < 
0.01.
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Fig. 5. Simultaneous co-inhibition of multiple drug resistance pathways converts intrinsically 
drug resistant melanoma cell lines and short-term cultures to a drug sensitive state
(A) qRT-PCR analysis of Notch1 target genes and differentiation markers in MAPK 
inhibitor–sensitive or intrinsically resistant melanoma cell lines. Data presented are means ± 
SD from three experiments. (B) Effect of shRNA-mediated knockdown of Notch1 on the 
sensitivity of intrinsically resistant melanoma cell lines to VX-11E. Data are means ± SD 
from three experiments. (C) VX-11E GI50 values measured in BRAF-mutant melanoma cell 
lines and short-term cultures treated with a cocktail of resistance pathway inhibitors (blue, 
black) or vehicle (gray, red). Resistance pathway inhibitors are shNotch1, BEZ-235 (200 
nM), and fulvestrant (1 μM). Data are means ± SD from three experiments. (D) Resistance 
pathway dependencies in drug-resistant cell lines inferred from drug sensitizer assays using 
all combinations of resistance pathway inhibitors. Data for all GI50 curves are means ± SD 
from three experiments.
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